This review summarizes the applications of iodonium compounds in the rapidly developing field of Positron Emission Tomography (PET). Reactions of diaryliodonium salts with fluoride anion have found wide practical application in PET as a fast and convenient method for the introduction of the radioactive [
Introduction
In recent years, compounds of polyvalent iodine (λ 3 -and λ 5 -iodanes) have emerged as versatile and environmentally benign reagents for various synthetically useful chemical transformations. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Aryliodonium salts represent an important class of λ 3 -iodanes, particularly useful as reagents for arylation of various nucleophiles. 11, 12 Previously we have published a review in Arkivoc summarizing the preparation and synthetic applications of aryliodonium salts. 12 The most important and synthetically useful reactions of diaryliodonium salts, Ar 2 IX, include the following: the direct electrophilic arylations of various nucleophiles, the transition metal mediated cross-coupling reactions, and reactions involving the generation and trapping of the benzyne intermediates. Particularly important are the reactions of diaryliodonium salts with fluoride anion, allowing efficient introduction of fluorine into an aromatic ring via aromatic nucleophilic substitution. In recent years, nucleophilic fluorination reactions of diaryliodonium salts have found wide practical application in Positron Emission Tomography (PET) as a fast and convenient method for the introduction of the radioactive [ 18 F]-fluoride into radiotracer molecules.
The purpose of the present review is to summarize the applications of iodonium compounds in the rapidly developing field of Positron Emission Tomography. In particular, the best synthetic methods for the preparation of iodonium precursors for PET will be overviewed, the mechanistic aspects of nucleophilic fluorination reactions will be discussed, and specific examples of the preparation of PET radioligands will be provided. The literature coverage is through May 2013.
Overview of PET and Radiofluorination Methods
Positron Emission Tomography is a powerful and rapidly developing area of molecular imaging that is used to study and visualize human physiology by the detection of positron-emitting radiopharmaceuticals labeled with the short-lived positron-emitting radionuclides [ 18 F]FDG 3 is produced routinely by some 130 PET centers worldwide and is the most frequently applied radiotracer in PET. 28, 29 It has been shown to be a multi-purpose radiopharmaceutical with applications in a variety of diagnostic questions in neurology, oncology and cardiology. 
Synthesis of diaryliodonium and aryl(heteroaryl)iodonium salts for PET
A summary of synthetic approaches to iodonium salts has been provided in our previous review. 12 General synthetic routes to diaryliodonium salts typically involve the initial oxidation of an aryl iodide to a λ 3 -iodane, ArIX 2 , and then ligand exchange of ArIX 2 with an arene or a nucleophilic arylating reagent (e.g., arylborates, arylstannanes, or arylsilanes) to obtain the diaryliodonium salt. In many cases a final anion exchange step is necessary. If an arene is used as a precursor, the presence of a strong acid is usually required to activate the hypervalent iodine reagent, ArIX 2 .
12,40 However, the precursors to PET ligands with functional substitution groups are usually not sufficiently stable under these reaction conditions. Therefore, a mild, reliable, and practical synthetic route is required for the preparation of iodonium salts that are used as PET precursors.
The most common modern methods of preparing iodonium PET precursors utilize a very mild reaction of arylstannanes or arylborates with [hydroxy(tosyloxy)iodo]arenes 4 according to Scheme 3. [41] [42] [43] [44] [Hydroxy(tosyloxy)iodo]arenes 4 are prepared from the respective aryliodides 6
by oxidation to (diacetoxyiodo)arenes 5 followed by treatment with p-toluenesulfonic acid.
Reactions of reagents 4 with arylstannanes exhibit excellent regioselectivity and give moderate to high yields (40-90%) of iodonium tosylates 7. Reactions with arylboronic acids are regioselective for acids bearing an o-methyl substituent but not for arylboronic acids bearing an o-methoxy substituent, and the yields of products 7 are lower (20-50%). Diaryliodonium tosylates 7 can be readily converted into corresponding halides 8 in moderate to high yields (27-88%) by metathesis reactions. 41 A specific example of the application of this approach to the preparation of iodonium precursors 10 in the synthesis of mGluR5 PET radioligands is shown in Scheme 4. 45 The tributylstannylarenes A similar procedure can be used for the synthesis of aryl(heteroaryl)iodonium salts. For example, aryl(thienyl)iodonium tosylates 12 have been prepared by treatment of 18 F]fluorobenzothiazoles, which can be used as PET radioligands for β-amyloid plaques. 46 The same synthetic route has been employed for the preparation of aryl-and thienyl-derived iodonium tosylates 13 (Scheme 6). 47 Phenyl(3-formylphenyl)iodonium PET precursors have been conveniently synthesized by the reaction of 3-formylphenylboronic acid with an organoiodine(III) intermediate generated in situ from iodobenzene and m-chloroperoxybenzoic acid (Scheme 7). 48 The initially formed phenyl(3-formylphenyl)iodonium triflate 14 can be further converted into the respective chloride or bromide salts 15 by treatment with aqueous NaCl or hydrobromic acid in methanol.
Scheme 7. Preparation of phenyl(3-formylphenyl)iodonium PET precursors.
A similar reaction of 3-(diacetoxyiodo)pyridine with arylboronic acids has been used for the preparation of several 3-pyridyl(aryl)iodonium salts, which are useful PET precursors to [
18 F]fluoropyridine. 
Mechanism of nucleophilic substitution reactions of iodonium salts
Several general mechanistic studies on the reactions of diaryliodonium salts with nucleophiles have been published. Ochiai and co-workers performed a mechanistic study on the phenylation of β-keto ester enolates with diaryliodonium salts. The addition of an aryl radical trap to the reaction did not affect the outcome, which indicates that radical pathways are unlikely and the reaction occurs by direct coupling of the ligands on the hypervalent iodine center. 49 It has been found that in the reaction of unsymmetric diaryliodonium salts 16 with nucleophiles, the most electron-deficient aryl group is transferred to the nucleophile with varying selectivities in agreement with the mechanism outlined in Scheme 8. The initial ligand exchange affords the hypervalent intermediates 17 and 18, in which with the electronegative ligand Nu occupies an axial position in agreement with general principles of hypervalent bonding. Fast pseudorotation occurs between intermediates 17 and 18, which leads to two different transition states 19 and 20. 50, 51 Of the two possible transition states for the subsequent ligand coupling, the transition state 20 is more favorable than 19, because both the negative charge on the aromatic ring and the enhanced positive charge on the iodine(III) are stabilized more effectively by the substituents. The so-called "ortho-effect" is observed in the reactions between a nucleophile and a diaryliodonium salt where one aryl ligand has a bulky ortho-substituent, such as methyl. In these reactions the ortho-substituted aryl ligand is often coupled with the nucleophile, even if it is a more electron-rich aromatic ring. 52, 53 This has been explained by the predominant conformation Several mechanistic and structural studies of the nucleophilic fluorination reactions of iodonium salts have been published. [54] [55] [56] DiMagno and co-workers have carried out advanced NMR studies of the interaction of diaryliodonium salts with anhydrous tetramethylammonium fluoride. 55 These reactions involve the initial anion exchange with the formation of diaryliodonium fluorides, Ar 2 IF, followed by ligand coupling as outlined in Scheme 8. It has been found that the selectivity of nucleophilic fluorination and yields of products can be improved by changing reaction conditions. 55 In particular, the use of low polarity aromatic solvents (benzene or toluene) and/or the removal of inorganic salts, result in dramatically increased yields of fluorinated arenes from diaryliodonium salts. 55 It was also found that diaryliodonium salts undergo rapid, fluoride-promoted aryl exchange reactions at room temperature in acetonitrile. 54 This exchange is highly sensitive to the concentration of fluoride ion in solution; the fastest exchange is observed as the fluoride concentration approaches a stoichiometric amount at 50 mM substrate concentration. It was demonstrated that free fluoride ion or a four-coordinate anionic I(III) species may be responsible for the exchange. 54 The fluoride-promoted aryl exchange reaction is general and allows direct measurement of the relative stabilities of diaryliodonium salts featuring different aryl substituents. Lee, Pike, and co-workers have studied the conformational structure and energetics of 2-methylphenyl(2'-methoxyphenyl)iodonium chloride. 56 X-ray structural analysis revealed that this diaryliodonium salt has a conformational dimeric structure with hypervalent iodine as a stereogenic center in each conformer. The LC-MS spectra of this iodonium chloride showed the presence of dimeric and tetrameric anion-bridged clusters in organic solution. The synthesis of aryl fluorides by thermal decomposition of diaryliodonium tetrafluoroborates was first reported by Van der Puy in 1982. 57 Scheme 11. Effect of a bulky ortho-substituent on the regioselectivity of fluorination.
Carroll and co-workers have published a series of papers on applications of aryliodonium salts for the preparation of fluorine-containing aromatic and heteroaromatic products. 31, 59, 60 In particular, it has been found that the addition of radical scavengers such as TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) to the reaction mixture leads to a significant improvement of both the reproducibility of the process and the material yield of the desired fluoroarene products without affecting the regioselectivity of the process. 59 For example, the reaction of iodonium salt DiMagno and co-workers have found that exceptionally electron-rich arene rings can be fluorinated with high regioselectivity by the reductive elimination reactions of 5-methoxy[2.2]paracyclophan-4-yl iodonium salt 28 (Scheme 13). 62, 63 Application of the sterically hindered cyclophane directing group allows a high degree of control in fluorination reactions of diaryliodonium salts. However, despite excellent selectivity, this approach has obvious disadvantages, such as the use of inaccessible starting compounds and complex synthetic procedures.
Scheme 13. Regioselective fluorination of 5-methoxy[2.2]paracyclophan-4-yl iodonium salt.

Reactions of aryl(heteroaryl)iodonium salts with fluoride anion
Extensive studies of fluorination reactions of different classes of heteroaromatic iodonium salts have been performed by several research groups. 31, 60, [64] [65] [66] In general, a theoretical prediction that the nucleophilic substitution in the electron-rich aryl(heteroaryl)iodonium salts by fluoride ion is regioselective for the aryl ring has been confirmed by experimental observation. 64 Coenen and co-workers have reported an efficient procedure for nucleophilic fluorination using aryl-(2-Scheme 14. Regioselective nucleophilic fluorination of aryl-(2-thienyl)iodonium salts reported by Coenen and co-workers. 65 In contrast to Coenen's results, 65 a detailed study of nucleophilic fluorination of aryl(thienyl)iodonium salts by Carroll and co-workers has demonstrated a very low selectivity of this reaction producing a mixture of six products as illustrated in Scheme 15. 60 The authors suggested that the previous reports on the absence of 2-fluorothiophene among the reaction products of aryl-(2-thienyl)iodonium salts were misleading. This lack of detection may be due the highly volatile nature of 2-fluorothiophene (boiling point 82 o C), which may be lost under the reaction conditions or on work-up/analysis.
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Scheme 15. Low selectivity in nucleophilic fluorination of phenyl-(2-thienyl)iodonium tosylate reported by Carroll and co-workers. 60 Onys'ko, Gakh and co-workers have demonstrated that a selective synthesis of 2-fluorothiophene can be accomplished by heating bis(2-thienyl)iodonium salts with potassium fluoride. 66 In particular, the treatment of bis (2- 70 It is essential that the electron-rich 4-methoxyphenyl is present as the second aromatic substituent in iodonium salt 39 (Ar = 4-MeOC 6 H 4 ); the reaction of analogous phenyliodonium salt (39, Ar = Ph) gave desired product 40 in only 3% yield. Compound 40 is used as a PET ligand for imaging a peripheral-type benzodiazepine receptor.
Preparation of specific PET radioligands using diaryliodonium salts as precursors
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Scheme 19. Synthesis of PET ligand [ 18 F]DAA1106 (compound 40).
Katzenellenbogen and co-workers have reported the synthesis and evaluation of two 18 Flabeled analogues of the potent and selective PPARγ agonist farglitazar. 71, 72 In particular, the radioligand 42 was prepared by nucleophilic fluorination of phenyliodonium salt 41 in good radiochemical yield (Scheme 20). 71 Interestingly, the reactions of iodonium salts 41 bearing the 3-methoxyphenyl or 2-thienyl substituents instead of the phenyl did not afford any fluorinated product 42.
Scheme 20. Synthesis of the 18 F-labeled analogue of PPAR agonist farglitazar.
Pike and co-workers have investigated the applicability of nucleophilic radiofluorination of diaryliodonium salts for the preparation of otherwise difficult to access meta-substituted 
Iodonium Ylides as Reagents for Nucleophilic Fluorination
The use of iodonium ylides as PET precursors for labeling reactions with fluorine-18 has recently been described in a patent. 75 Like the reactions of iodonium salts as precursors, even electron-rich fluoroarenes can be prepared using aryl iodonium ylides and nucleophilic nocarrier-added [ 18 F]fluoride anion. However, in contrast to the reactions of diaryliodonium salts, the reactions of the iodonium ylides have been claimed to be regiospecific. 75 Aryliodonium ylides, ArI + --CX 2 , where X is an electron-withdrawing substituent (e.g., carbonyl or sulfonyl group), represent an important class of iodonium compounds, in which a carbon with carbanionic character is present. 2 Due to this charge distribution, the attack of the external nucleophile should be directed exclusively toward the aromatic ring of the Ar group, which makes aryliodonium ylides attractive candidates for use as labeling precursors of
The first example of a stable phenyliodonium ylide derived from dimedone (5,5-dimethyl-1,3-cyclohexanedione) was reported by Neiland and co-workers in 1957. 76 Since then, numerous stable aryliodonium ylides have been prepared and structurally investigated. Single X-ray crystallographic studies demonstrate that the geometry of aryliodonium ylides is similar to the geometry of iodonium salts with a C-I-C angle close to 90 o , which is indicative of a zwitterionic nature in the ylidic C-I bond. The chemistry of aryliodonium ylides has been summarized in several reviews mainly devoted to their use as precursors for generation of singlet carbene or carbenoid species. [77] [78] [79] [80] 
Preparation and properties of iodonium ylides
Most iodonium ylides have a relatively low thermal stability and can be handled only at low temperature or generated and used in situ. [85] [86] [87] [88] are prepared by a reaction of (diacetoxyiodo)benzene with the appropriate dicarbonyl compound or disulfone under basic conditions. A general procedure for the synthesis of phenyliodonium ylides 52 from malonate esters 51 is based on the treatment of esters 51 with (diacetoxyiodo)benzene in dichloromethane in the presence of potassium hydroxide (Scheme 25). 83 An optimized method for preparing bis(methoxycarbonyl)(phenyliodonium)methanide (52, R 1 = R 2 = Me) using a similar reaction of dimethyl malonate ester with PhI(OAc) 2 and KOH in acetonitrile solution was published in Organic Syntheses in 2010. 89 Ylides 52 decompose slowly at room temperature but they can be kept for several weeks in a refrigerator.
Scheme 25. Preparation of phenyliodonium ylides.
Phenyliodonium ylides 52 have found some synthetic use as efficient carbene precursors, especially useful as reagents for cyclopropanation of alkenes. Practical applications of ylides 52 are, however, limited by their poor solubility (insoluble in most organic solvents except DMSO) and low stability. 2-Alkoxyphenyliodonium ylides 54 derived from dialkyl malonates and bearing an ortho alkoxy substituent on the phenyl ring, can be synthesized from commercially available 2-iodophenol according to the procedure shown in Scheme 26. Ylides 54 are relatively stable compounds, have good solubility in dichloromethane, chloroform, or acetone (e.g., the solubility of ylide 54, R = Pr, in dichloromethane is 0.56 g/mL), and have higher reactivity than common phenyliodonium ylides in the Rh-catalyzed cyclopropanation, C-H insertion, and transylidation reactions under homogeneous conditions. 90 Cardinale and Ermert have developed a simplified procedure for the synthesis of aryliodonium ylides directly from the respective aryliodides. 84 In particular, aryliodonium-(5-[2,2-dimethyl-1,3-dioxane-4,6-dione]) ylides 58 were synthesized by the two-step one-pot procedure shown in Scheme 27. Aryl iodides 57 were first oxidized with m-chloroperoxobenzoic acid (mCPBA) in dichloromethane, and subsequently a suspension containing Meldrum's acid and KOH was added to the reaction mixture to afford ylides 58 in moderate yields. 
Reactions of iodonium ylides with fluoride anion
Due to the carbanionic character of the ylidic carbon, the attack of an external nucleophile in principle should be directed exclusively toward the aromatic ring of the Ar group of an aryliodonium ylide. However, it was previously demonstrated that the reaction of various organic and inorganic acids with phenyliodonium ylides leads to nucleophilic substitution of the iodobenzene substituent by the anion. 92, 93 Gondo and Kitamura have recently reported that the reaction of iodonium ylides 59 derived from 1-phenylbutan-1,3-dione, ethyl benzoylacetate, and ethyl p-nitrobenzoylacetate with Et 3 N•3HF gave the corresponding fluorinated products 60 in moderate yields (Scheme 28). 94 These products are formed through the C-protonation of the ylide, followed by displacement of PhI with fluoride ion.
Scheme 28.
Reactions of iodonium ylides with Et 3 N•3HF.
In sharp contrast to the reactions of aryliodonium ylides with acids, Satyamurthy and Barrio have found that the reactions of ylides with nucleophiles (F -, Cl -, Br -, etc.) in polar aprotic solvents such as acetonitrile, tetrahydrofuran, dimethylsulfoxide, dimethylacetamide and dimethylformamide lead to regioselective substitution of the nucleophile on the aromatic ring instead of the dione ring. 75 For example, heating phenyliodonium ylides 58 with dried KF-amounts usable for human PET studies, as shown in Scheme 30.
The fluorine-18 labeled L-DOPA is a very useful PET imaging agent for mapping dopamine related brain disorders and is the PET biomarker of choice for the diagnosis of Parkinson's disease.
Conclusions
This review demonstrates that aryliodonium derivatives are becoming increasingly popular reagents in PET for the efficient introduction of highly regioselective methods of nucleophilic fluorination of aromatic radioligands. We anticipate that this practically important area of hypervalent iodine chemistry will continue to attract significant research activity in the future.
